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Abstract. The calibration of the in-flight antenna beam
shape and possible beam degradation is one of the most
crucial tasks for the upcoming Planck mission. We ex-
amine several eects which could signicantly act on the
in-flight main beam calibration using planet transit: the
problems of the variability of Jupiter flux, the antenna
temperature and passing of the planets through the main
beam. We estimate these eects on the antenna beam
shape calibration and calculate the limits on the main
beam and far sidelobe measurements, using Jupiter and
Saturn. We also discuss possible eects of degradation of
the mirror surfaces and specify corresponding parameters
which can help us to determine this eect.
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1. Introduction
The ESA Planck Surveyor 1 is designed to image the
whole sky of the Cosmic Microwave Background (CMB)
radiation with unprecedented sensitivity (T/T  2 
10−6) and angular resolution (down to 50) at 9 frequen-
cies: 30, 44, 70, 100, 143, 217, 353, 545, 857GHz at Low
Frequency Instrument (LFI) (Mandolesi et al. 1998) and
High Frequency Instrument (HFI) (Puget et al. 1998).
To achieve this high sensitivity and resolution, it is
necessary to carefully account for all potential systematic
features in the data (Bersanelli & Lamarre 2001).
One of the systematic eects is related to the in-flight
antenna beam shape and its reconstruction. Apart from
the need to acquire the radiation pattern of the antenna
beam before flight, the calibration of the in-flight antenna
beam shape is one of the key components for achieving the
scientic goals of the Planck mission. This problem has
1 http://astro.estec.esa.nl/SA-general/Projects
/Planck/
been considered by dierent Planck groups (De Maagt,
Polegre and Crone 1998; Burigana et al. 1997, 2001;
Chiang et al. 2002a).
The accuracy of the CMB anisotropy C` estimation
will be aected, among other experiment parameters, by
our ignorance of the in-flight antenna beam shape of the
main beam and far sidelobes, and possible degradation of
the mirror surface shapes. During the scanning of Planck
mission the antenna beam moves across the sky, meaning
that antenna beam response is a function of time. After
pixelization of the time-ordered data the position of each
pixel on the pixelized CMB map is directly related to some
data points in the time stream. It is therefore necessary to
obtain the information about the in-flight beam shape, its
inclination and the location of the beam center relative to
each pixel, in order to improve the model of the in-flight
main beam shape as well as in the far sidelobe region.
To tackle this issue, Burigana et al. (2001) have
suggested a method which uses planet transit to recon-
struct the in-flight beam shape. These planet crossings
can help the in-flight beam recovery down to −2532.5dB
at 30GHz. They also showed that the main beam pattern
can be described by the bivariate Gaussian approximation.
Recently Chiang et al. (2002a) proposed another method
for the beam shape estimation based on the interplay of
amplitudes and phases of the sky signal and instrumental
noise. This method is useful in extraction of the antenna
main beam shape down to −710dB, and does not need a
strong radio source shape calibration. These methods have
laid a base for the determination of both the in-flight an-
tenna beam shape and its variations during observations.
The aim of this paper is to re-examine in details the
proposed method of the in-flight antenna shape recon-
struction by planet crossing (Burigana et al. 2001) in
order to estimate possible beam degradation eects. The
method, based on Jupiter and Saturn observations, has
some subtleties needed to be addressed such as the tem-
poral and frequency variations of Jupiter flux and passing
of the planets through the main beam.








Fig. 1. Positions of Jupiter and Saturn at the beginning of
Planck mission. The radius of each concentric circle is diered
by 2 AU.
This paper is arranged as follows. In Section 2 we de-
scribe the Planck scan strategy in relation to planet ob-
servations, and the beam denitions. In Section 3 we dis-
cuss the in-flight beam calibration using planet transit. We
concentrate in Section 4 on the eects in beam calibration
due to fluctuation of Jupiter’s flux density. In Section 5 we
discuss variations arising from the distance to the planets
and from the scan strategy. Conclusion is in Section 6.
2. Scan strategy and the beam problem
The proposed scan strategy (De Maagt, Polegre and Crone
1998) for Planck mission is a whole sky scanning with the
satellite orbiting around the L2 Lagrangian point of the
Earth{Sun system. The satellite spin{axis will be pointed
in the anti-Sun direction and will have a tilt to the ecliptic
plane by 10. The telescope optical angle is inclined by 85
to the spin{axis. The telescope will scan the same circle
60 times around the spin{axis at 1 r.p.m.. Each hour the
spin{axis is stepped along the ecliptic plane by 2.05. The
operational duration is approximately 15 months.
2.1. Planet observations
According to the present schedule, the launch of the satel-
lite is planned in February 2007 and the flight to the L2
point will take approximately six months. To construct the
L2, Earth, Jupiter and Saturn orbiting around the Sun, we
use the planets ephemerides calculation procedure of the
XEphem.3.5.2 software by Downey (2002) (see Fig. 1).
As mentioned above, the scan angle is assigned to
be 85. Assuming the beginning of the mission on the
1st of August 2007, in 15 months Jupiter will cross the
main beam direction 3 times on the dates of 28.08.2007,
16.04.2008 and 30.09.2008 with an accuracy of 1.5 day,
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Fig. 2. Transit of Jupiter and Saturn through a scan angle of
85. The solid and dash curves represent Jupiter and Saturn’s
paths, respectively. The upper horizontal axis is in days anno-
tated origin set on 01.08.2007.
mainly due to tilt and starting conditions, whereas Saturn
will cross the main beam 2 times on the dates of 04.12.2007
and 16.05.2008 (Fig. 2).
As shown in Fig. 2, the antenna beam shape calibra-
tions using Jupiter and Saturn can only be realized for 3 +
2 times during the mission, and with a few dierent time
intervals between each planet crossing. These \windows"
provide us the possibility to estimate degradation of the
antenna main beam shape from the long time frequen-
cies (up to 15 months) to the short frequencies (about 10
days).2 For continuous calibration of the main beam area,
therefore, it is necessary to use the method by Chiang et
al. (2002a) to reconstruct its ellipticity and orientation in
the data analysis.
2.2. Inclination of the planets to the ecliptic plane
We make our estimation of the planet transit for the eclip-
tic plane projection. However, the planets have ecliptic
latitude dierent from zero. The maximum inclinations
are 480 for Jupiter and  2 for Saturn (the detailed cal-
culation for each planet crossing is in Table 2). Here we
note that this problem is not essential for our case but is
similar to the tilt projection problem discussed below.
According to the scan strategy proposals the spin{axis
can have a tilt to the ecliptic plane at about 10. This
means that usual ecliptic projection of scan angle will be
2 The interesting point of the track crossing between Jupiter
and Saturn near the scan-angle on 28.05.2009 allows us to dis-
cuss the possibility of the simultaneous observations of two
planets in one scan. However, to make such observations we
need to have a scan angle about 80. Otherwise, these transits
can be used to test far sidelobes of the beam.






Fig. 3. Beam degradation parameters. The left panel illus-
trates the orientation angle of the beam and the right panel
shows σ− and σ+, the minor and major axis of the elliptical
main beam.
narrower and we shall observe Jupiter in another days
with another antenna temperatures. The scan projection
ψ of the scan angle α for the tilt angle φ can be calculated
as
tanψ = tanφ cosα, (1)
which gives us ψ = 84.92, for α = 85 and φ = 10. This
dierence is within 50, indicating that the projections of
the planet trajectories and the tilt of axis will not interfere
with our estimates.
2.3. Beam descriptions and its variations due to mirror
degradation
The Planck \antenna beam" is usually referred to as the
physical model of the antenna response and its ground-
based verication before the flight, and the in-flight an-
tenna beam as the beam reconstructed during flight, which
is crucial for possible beam degradation estimation. The
in-flight antenna beam plays a signicant role in the C`
estimation as well as in the extra-galactic point source
extraction (Chiang et al. 2002b).
Physics optics calculations have shown that the main
beam are roughly elliptical (Mandolesi et al. 2000; Buri-
gana et al. 2001), so we can approximate the antenna
pattern as a bivariate Gaussian beam. The geometrical
property of the beam in the time domain can be described
as follows. We denote by x0 and y0 the position of the
beam in a coordinate system xed to the detector with x
in scan direction and y perpendicular to x and the beam
axis. Then the beam shape can be written as














where R is the rotation matrix which describes the incli-







Fig. 4. The Planck scan strategy. The square A is located at
the parallel scan area, where the planets can be found. The
square B has crossing(s) of the circular scans.
with α being the orientation angle between x axis and the
major axis of the ellipse. The D matrix denotes the beam








If, during the routine operation, the mirror surfaces are
slightly perturbed (deformed), it is necessary to conduct
detailed investigation on the corresponding degradation of
the antenna beam shapes, using Jupiter and Saturn tran-
sits as suggested by Burigana et al. (2001). 3 In general,
beam degradation can be described with 3 parameters as
illustrated in Fig. 3. First of all, the mean beam width is





+)  σ2 = σ2(t), (6)
where σ− and σ+ are the minor and major axis of the
elliptical main beam. The orientation angle α between the
scan direction and the major axis of the elliptical main
beam can also be a function of time, i.e.,
α  α(t). (7)
and so can the ellipticity ratio of the beam
σ+
σ−
= ρ  ρ(t). (8)
We can use these 3 parameters as the indicators of the
degradation level of the in-flight antenna beam.
3 As we will see in the next section, Jupiter flux fluctuation
could mimic in-flight beam degradation eect as well.
4 P.D. Naselsky et al.:On the Planck in-flight antenna beam shape reconstruction
3. Planet transits and the pixel domain
Following Burigana et al. (2001), we can specify the
in-flight Planck antenna beam shape model by using
Jupiter as a \standard candle" for calibration. For the
Planck (both LFI and HFI) frequency range we can
model the Jupiter contribution to the resulting T (r) sky











where r and rJ are the unit vectors in the correspond-
ing direction on the sky and Jupiter’s location in a given
coordinate system respectively, δ(rJ, r) is a Dirac delta
function, SJ is the Jupiter flux, TCMB, h, k and c are the
CMB temperature, Planck constant, Boltzmann constant,
and speed of light, respectively, and η = hν/kTCMB.
Each observed time-ordered subscan mit that includes
Jupiter image is related to TJ(r) from Eq. (9) through a
convolution with the antenna beam function B(r, r
′
) (see







dit = TJ[r(t)]⊗ B[r(ti), r(t)], (11)
where ⊗ denotes convolution, and nit now is the CMB sig-
nal plus all the foregrounds and the instrumental noise.
The index i marks the i-th subscan with the same orien-
tation of the spin{axis of the satellite.
Using all i 2 [1, N ] subscans, where N is the total
number of the subscans, we can dene the circular scan as
some linear transformation of the dit:





is the data vector, and A is the matrix
of the transformation. Eq. (12) gives us the relation of a
single circular scan for a xed orientation of the spin{





t. Below we shall use the circular scan
as a basic element for the map{making algorithm taking
into account that the variance of the instrumental noise
for such a scan is expected to be  N−1/2 times smaller
than for each subscan, if the instrumental noise is pure
white noise. For all circular scans we can dene the vec-
tor of the time{ordered data y = Ms + n, where M is
the corresponding map{making matrix, s denotes the pix-
elized map and n is the noise vector (Tegmark 1996). It
is worth noting that for the in-flight antenna beam shape
reconstruction by using Jupiter and Saturn images, we do
not need to construct whole sky maps, because the −40 dB
limit of the expected Planck antenna beam shape cor-
responds to angular scale θfs  5 degrees at 30GHz LFI,
4 and for that purpose we can use the flat sky approxi-
mation centered around Jupiter image (Fig. 4), and apply
4 For LFI+HFI frequency range this scale corresponds to the
minimum.
the method by Chiang et al. (2002a). Furthermore, this
assumption allows us to use a linear map{making algo-
rithm (see Tegmark 1996), which is similar, for example,
to the COBE pixelization scheme.5
The signal in each pixel of the map s is then (Tegmark
1996)
s = Wy, (13)
where W is corresponding matrix, which depends on the
scan strategy of the Planck experiment. For example,
for the simplest COBE pixelization we can use W =
MTN−1M
−1
MTN−1, where N = hnnTi is the noise co-
variance matrix. 6
Let us go back to the single circular scan. As seen
from Eq. (9) and Eq. (11), for the simple average of the
subscans (A ! 1/N Pi) the Jupiter’s image after beam




















i) − r(tJ,i), tJ,i is the Jupiter location
in the i-th subscan and Bt denotes the beam shape in
each subscan. As one can see from Eq. (13) and Eq. (14),
in the pixelized map the pixels containing Jupiter image
are related to the Bt and SJ(ν, t
′
i) and can be denoted as
follows,
s / WSJ(ν, t′i)Bt(i). (15)
Therefore, for the denition of the antenna beam shape
in the pixel domain, we can specify some possible sources
of uncertainties from Eq. (15).
Before focusing on the two categories of variabilities in
beam calibration in the next two sections, we would like
to briefly mention the uncertainty which is related to the
location of Jupiter,
r(tJ,i) = r(tJ,i) + r(tJ,i) = r(tJ,i)(1 + δr), (16)
where r(tJ,i) indicates the average location and r(tJ,i)
corresponds to the fluctuation of Jupiter’s location. Gen-
erally speaking, this source is related to the pointing ac-
curacy of the Planck experiment. It is natural to assume
that hr(tJ,i)i = 0, but hjr(tJ,i)j2i 6= 0.
4. Variability of Jupiter flux on the beam
calibration
The fluctuations of Jupiter flux can be crucial for the
in-flight antenna beam shape reconstruction scheme. The
5 Note that for estimations of the in-flight beam distortions
caused by 1/f noise, foreground contaminations and so on,
Burigana et al. (2001) have to use the whole sky map for the
1/f noise removal.
6 Note that we can use any modication of pixelization with-
out loss of information.
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Fig. 5. Variability of the flux density of synchrotron radiation at 4.04 AU from Jupiter at 2.2 cm wavelength (13.8 GHz)
(re-produced from Bolton et al. 2002).
Fig. 6. The power spectrum of the flux density from Jupiter at
2.2 cm wavelength, which is produced by linear interpolation in
the parts of the intervals in Fig. 5 where data are not available.
The tted curve is described by the power law P (k) / k2.4.
temporal variations in Jupiter flux can be expressed as the
constant flux SJ(ν), and a fluctuating part SJ(ν, t),
SJ(ν, t) = SJ(ν) + SJ(ν, t) = SJ(ν)[1 + δS(t)]. (17)
Returning to Eq. (13) and Eq. (14) in order to dene
the beam shape properties in the pixel domain, we will
assume hr(tJ,i)i = 0 (so that in Eq. (16) δr = 0). The
pixelized beam can be obtained from the subscans includ-










W[1 + δS(ν, t
′
i)]Bt(i), (18)
where γ is the angle between the pixels, which correspond
to the Jupiter location in a map and position of each dif-
ferent pixel. Possible variation of Jupiter flux produces
an additional source of peculiarities in the pixelized beam
shape denition proportional to 1 + δS(t).
4.1. Characteristic time scales
There are 3 characteristic time scales related to the
Planck scan strategy. For each subscan of 1 r.p.m. the
time scale is Tsub ’ 1 minute. The next time scale is that
for a circular scan Tcir = 60 minutes, which is the time
interval for data accumulation in one circular scan with
a xed orientation of the spin{axis. In terms of order of
magnitude, Tcir scale can be used for estimation of the
characteristic time scale for the signal variation in one
pixel around the main beam area. Another time scale is
related to the scale of the far sidelobes TFS ’ θFS/1 days,
where θFS is the angular measure subtended by the far
sidelobes of the beam. For example, for the LFI 30 GHz
channel, the threshold of −30 dB subtends the angular
scale θFS ’ 1.5 degrees (Burigana et al. 2001) and thus
TFS ’ 1.5 days. The high{frequency fluctuations of the
Jupiter flux which corresponds to the time scales Tsub,
Tcir and TFS are thus very important for the in-flight an-
tenna beam shape reconstruction and may require more
detailed investigations, for example by ground{based tele-
scopes. These time scales also indicate that all irregulari-
ties of Jupiter flux for T  TFS correspond to long{term
variations and could mimic a beam shape degradation ef-
fect.
Unfortunately, we do not know exactly the properties
of temporal variations in Jupiter flux at the Planck fre-
quency range 30-857 GHz. The information about Jupiter
flux variability available in the literature that is nearest
to LFI frequency range is at 13.8 GHz, which is related to
synchrotron emission from the Jupiter magnetic belts.
Fig. 5 shows the variation of the flux density of syn-
chrotron radiation from Jupiter at 13.8 GHz, reproduced
from Bolton et al. (2002). The interval of measurement is
one day, so any fluctuation shorter than 1 day is yet to be
measured. In Fig. 6 we show the power spectrum of Fig. 5,
which is produced from linear interpolation in the part of
intervals where data are not available.
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Fig. 7. Simulation on beam reconstruction with variation of
Jupiter flux. We simulate LFI 30 GHz channel (FWHM= 330
with ellipticity ration=1.3) with σCMB and pixel noise σpix
equal 3 10−5 and 8 10−6, respectively. Panel (a) is without
Jupiter flux variation, (b) with Jupiter flux varying with pe-
riod of 4.8 hours, (c) 10 hours (the rotation period of Jupiter)
and (d) 1.5 days (the Planck crossing time of Jupiter). The
contour lines are annotated in dB.
The temporal variation that can signicantly distort
the beam reconstruction for the 30 GHz channel is be-
tween 2.4 hours and 1.5 days, the Planck crossing time
of Jupiter. Variation period of Jupiter flux shorter than
2.4 hours would be smeared out after pixelization at this
channel due to scan strategy and beam shape properties.
For variation period longer than 1.5 days, the distortion
is much less.
In Fig. 7 we show simulated beam reconstructions at
the LFI 30 GHz channel due to Jupiter flux variations.
According to Eq. (17), if δS(t) is of a random process, in
Fourier domain it should be characterized by the power
spectrum shown in Fig. 6. The flatness of the power spec-
trum at large Fourier modes in Fig. 6 allows us to assume
the same amplitude of the variation for dierent periods.
Panel (a) is the reconstructed image without variation in
Jupiter flux, (b), (c) and (d) are with flux fluctuation of
variation period equal 4.8 hours, 10 hours, and 1.5 days,
respectively. The period of 10 hours corresponds to that
of Jupiter rotation. The amplitude of the variations is as-
sumed to be 20%. We can see clearly that the orientation
of the main beam changes due to the fluctuation of Jupiter
flux.













Goldin et al. (1997)
NH3 PH3 CO  
Griffin et al. (1986)
Hildebrand et al. (1985)
Ulich (1981)
(a)













Goldin et al. (1997)
NH3 
PH3 
Hildebrand et al. (1985)
Ulich (1981)
(b)
Fig. 8. The millimeter and sub-millimeter spectrum of Jupiter
(top) and Saturn (bottom) (reproduced from Goldin et al.
1997). The lled diamond denotes the fluxes calculated in this
work according to the model at the 9 observing frequencies in
the Planck experiment. Note that the rst strong dips in the
spectra coincide around Planck 545 GHz observing channel.
4.2. Millimeter spectra of the planets and their variations
at dierent frequencies
To estimate the eects of the flux density variation of the
planets, we have to look into their radio spectra. The total
Jupiter radio spectrum consists of the following two com-
ponents (Burke & Franklin 1955): the low radio frequency
part, which is related with the synchrotron emission from
energetic electrons spiraling in Jupiter’s magnetic eld,
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and the high radio frequency part, which corresponds to
the thermal atmospheric emission.
The synchrotron emission dominates at the frequency
range ν  10 GHz while at ν  30 GHz the Jupiter ra-
dio flux is determined by the atmospheric emission. Let us
rstly describe the contribution of the synchrotron emis-
sion and its variability to the δS(tJ) parameter for the
LFI 30 GHz channel. Recent simultaneous observations
with the Cassini spacecraft, The Gallileo spacecraft and
the VLA in the centimeter wavelength range have been
made (Gurnett et al. 2002; Bolton et al. 2002). As was
shown by Gurnett et al. (2002), there is a strong influence
of solar wind on Jupiter’s magnetosphere. When inter-
planetary shocks propagate outwards from the Sun and
reach Jupiter, they compress and re-congure the mag-
netosphere, producing a strong magnetic eld and elec-
tron acceleration. The 10% variation with a variability
of about 0.5 Jy per month of the 2.2 cm flux from Jupiter
observed by Bolton et al. (2002), and shown in Fig. 5,
may most likely be due to such an eect. For the Planck
antenna beam shape reconstruction we need, as shown
earlier, to know the variability of the Jupiter flux at the
time scale Tcir  1  2 days, to obtain the lower limit
of the variation for the Planck frequency range 30-857
GHz. Obviously, the synchrotron emission is important, in
principle, only for 30 GHz channel and it determines the
lower limit of the Jupiter flux variation, if the atmosphere
emission does not produce any fluctuations of the flux at
30 GHz band. We plot in Fig. 6 the power spectrum of the
2.2 cm synchrotron flux variability. From this spectrum we
nd the limit synch 10% per day.
If we argue that the same amplitude of the synchrotron
emission also occurs at the 1 cm wavelength, it would give
the lower limit of the flux variation due to synchrotron
emission at 30 GHz of δsynch  (T synchb /Tb)synch ’ 10−3,
where Tb is the brightness temperature corresponding to
the total planet flux and T synchb the one corresponding to
the synchrotron emission (see Tables 1 and 2). Thus, we
ν λ beam TJupiter TSaturn
(GHz) (mm) (arcmin) (K) (K)
30 10.00 33.0 152 133
44 6.82 24.0 158 135
70 4.29 14.0 167 138
100 3.00 10/9.2 173 141
143 2.10 7.1 176 144
217 1.38 5.0 179 146
353 0.85 5.0 178 141
545 0.55 5.0 133 118
857 0.35 5.0 145 114
Table 1. Brightness temperature Tb of Jupiter and Saturn at
Planck observing frequencies with approximately 10% accu-
racy.
can conclude that the variation of the synchrotron emis-
sion at ν = 30 GHz is not important for the antenna beam
shape reconstruction for whole range of interest ( −60
dB). However, it is necessary to obtain additional obser-
vational data on the intrinsic atmospheric emission. 7
Detailed studies by Goldin et al. (1997) of the millime-
ter and sub-millimeter spectra of Jupiter and Saturn have
shown (see Fig. 8) that there are features in the spectra
in this wavelength range. The two model spectra shown in
Fig. 8 are from Grin et al. (1986), using dierent phys-
ical conditions such as the size of NH3 clumps, and the
particle and gas scale heights ratio. Estimated tempera-
tures of Jupiter and Saturn at the Planck corresponding
observing frequencies are shown by lled diamond sign in
Fig. 8. The rst strong dip on both spectra almost coincide
with the observing frequency 545 GHz near the 570GHz
NH3 and PH3 resonances. Estimated brightness tempera-
tures with 10% accuracy are given in Table 1 (see also
Table 2).
Unfortunately, we do not have the information about
variability of the Jupiter and Saturn fluxes in the range
30 to 857GHz, which determines the accuracy of the
beam shape reconstruction. Some naive expectation of the
possible variability at the frequency range of interest at
Planck could be related with the observed 20% devia-
tions of Jupiter and Saturn temperature from the pure
black body low T (ν) = const. For Jupiter, this 20% de-
viation allows us to expect that some process, leading to
such kind of variations, can be variable in time at the
same level and have the characteristic time scale close to
the period of Jupiter rotation (i.e. ’ 10 hours). This prob-
lem needs an additional and more detailed investigation
by using large ground-based radio telescopes in order to
measure possible variation of Jupiter and Saturn fluxes at
the Planck frequency range.
4.3. Expected polarization of the flux
One of the main goals of the Planck mission is the CMB
polarization measurements. Firstly, we would like to point
out that low limit of the polarization of Jupiter flux at 30
GHz exists, which is related to synchrotron emission.
According to Cortiglioni & Spoelstra (1992), the po-
larization level  of synchrotron radiation is related to the





which gives  1075% for various values of . The total
polarized flux of Jupiter and Saturn is  Tplanet. This
fact creates pre-condition to use these planets for polarized
antenna beam shape calibration.
7 We would like to argue that it is natural to expect non-zero
fluctuation from the atmospheric emission. Partly our assump-
tion is based on the millimeter and sub-millimeter spectrum of
the atmospheric emission measurements at 30-857 GHz.
8 P.D. Naselsky et al.:On the Planck in-flight antenna beam shape reconstruction
Planet Date Size Ta (mK) ecliptic ecliptic Distance
(arcsec) 30 100 545 GHz Latitude Longitude from the
330 100 50 Earth (AU)
Jupiter 28.08.2007 38.6 40.04 455.9 1526 +0:26:30 250:31:33 5.0949
Saturn 04.12.2007 18.1 7.704 88.94 297.7 +1:34:10 158:14:46 9.1430
Jupiter 16.04.2008 39.2 41.30 511.8 1574 +0:00:11 291:26:07 5.0170
Saturn 16.05.2008 18.1 7.704 88.94 297.7 +1:46:03 151:43:16 9.1470
Jupiter 30.09.2008 39.7 42.35 525.0 1614 −0:19:28 283:12:00 4.9537
Saturn 17.12.2008 17.9 7.534 86.98 291.2 +1:58:58 171:27:11 9.2349
Jupiter 22.05.2009 40.4 43.86 556.3 1672 −0:45:33 325:59:50 4.8685
Saturn 31.05.2009 17.9 7.534 86.98 291.2 +2:07:48 164:57:29 9.2712
Table 2. Position of the planets on the dates of crossing by Planck on the ecliptic plane and antenna temperatures (Ta =
Ωplanet/Ωbeam  Tb) in transit via a scan angle.
Using the value β = −1.26 for ν > 13.6GHz for spec-
tral index of the Jupiter synchrotron flux (Bolton et al.
2002), one obtain Jupiter=28%, indicating that the po-
larized part of the total flux can reach around 0.3% at the
1 cm wavelength range (see Table 2).
5. Eects from the strategy of the observations
5.1. Variations of the planet antenna temperatures versus
distance to the planets
From the dates of crossing the scan angle by the planets,
one can calculate the corresponding distance and hence
the angular sizes of the planets. When the object size is
suciently less than the solid angle of the beam, the an-





where Tb is the brightness temperature of the planet (Ta-
ble 1), Ωplanet the solid angle of the planet in observation
(angular size in steradian), and Ωbeam the solid angle of











(σ2− + σ2+)/2 = θb/2.355 and θb is the
FWHM of the main beam. The results of calculation of
the antenna temperatures for the three frequencies 30, 100
and 545GHz with the corresponding FWHM sizes of 33,
10 and 5 arcmin are given in Table 2.
5.2. Scan strategy and peculiarities of the in-flight HFI
beam reconstruction
In this subsection we would like to focus on the discussed
scan strategy of the Planck mission and its influence
on the in-flight antenna beam shape reconstruction using
Jupiter and Saturn transits. According to the Planck
mission requirement, the FWHM for the 10 LFI + HFI
channels is shown in Table 1. Let us concentrate on the
beam shape properties above −30 dB for all LFI + HFI
channels.
According to the scan strategy (see Fig.4), the orienta-
tion of the telescope spin axis during one hour (i.e. 1 r.p.m.
of spin for 60 sub-scans) of observations should be stable:
the orientation of the 60th sub-scan is parallel to that of
the 1st sub-scan at the moment t0 when a given circular
scan starts to measure. At the end of the 60th sub-scan,
the spin axis (and the optical axis) should change its ori-
entation by 2.05 in the ecliptic plane (re-pointing). Thus,
during Jupiter and Saturn transits the highest resolution
scale from which the images of Jupiter and Saturn that
can be recovered in the pixelized map is 2.05 in one side
(as both the planets are less than 10).
Due to the pixelization scheme, however, we will face
the following two situations at the higher frequency chan-
nels: the good case and the bad case of the planet transit.
The good case is when the planets are caught by the beam
peak just after re-pointing and have a maximum signal
on a circular scan. The probability of such case is small.
The bad case is when the planets bypass the beam maxi-
mum such that the point of maximum of the planet flux is
missed by both of the neighbouring circular scans. In term
of the map-making algorithm it means that the point of
the maxima of Jupiter flux is formally shifted away from
the center of the corresponding pixel and the signal at the
surrounding pixels should have asymmetry. This asym-
metry can be removed using the expected 1000 pointing
accuracy if there is no temporal variations in Jupiter flux
or no mirror degradation eect.
Thus, the map-making algorithm should reflect di-
rectly the scan strategy and the position of Jupiter and
Saturn (see Fig.1 and 4). Using −30 dB threshold we can
estimate the number of pixels, which manifests the beam
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As one can see from Eq. (22), N  1570 pixels in the 30
GHz channel (FWHM ’ 330), while N  36 pixels only
for the 217 (and higher) GHz channels (FWHM ’ 50),
which obviously is not enough to accurately determine
these beam shape ellipticity, particularly if the ellipticity
is no larger than 1.2.
6. Conclusions
In summary, regarding the issues related to using planet
transit, such as Jupiter and Saturn, as a calibration
method of the in-flight beam shape, we conclude the fol-
lowing:
{ The high accuracy of the C` estimation by Planck
will require the main beam estimation with error of
1%, which means that we need to measure the Jupiter
variation δB/B = δS to the same level.
{ For observations at the LFI frequency range, e.g. 30
100 GHz, we have a limit of possible variation of the
Jupiter flux  0.1 for the −30 dB threshold of the
beam. In addition we need to measure the variation of
Jupiter flux by using ground{based radio telescopes.
{ For observations at high frequencies (217857GHz),
we can have problems during observation of the planets
such as missing a target due to the narrow beams.
{ Practically, during the mission (15 months), we will
be able to test the main beam about 3 times down to
−23.5dB by using Jupiter flux and 2 times by Saturn.
This indicates that in the case of calibrating the beam
degradation eect at intervals shorter than 3 months
we have to use the method by Chiang et al. (2002a).
{ The close (in time interval) transit of the planets will
enable us to check a high{frequency component of the
beam degradation.
{ Neither planets, Jupiter and Saturn, are sucient to
test the far sidelobes.
{ Galactic synchrotron and dust appear at the level of
0.18mK.
{ The possible degradation eect could be important at
the same, as the Jupiter flux, level of variation  1 
10% for the beam width.
We also note that the calibrations by Jupiter and Sat-
urn, together with the method by Chiang et al. (2002a),
allow one to restore the antenna beam shape for pixelized
beam on the T map, which is dierent from the an-
tenna beam shape in the frame on the focal plane. In
general cases, transition from the pixelized beam to the
actual beam in the focal plane frame requires the knowl-
edge about the noise properties (Chiang et al. 2002a).
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